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Abstract 
Hydraulic fracturing operations in coal seam gas (CSG) reservoirs are highly prone to release 
coal fines. Coal fines inevitably cause mechanical pump failure and permeability damage as a 
result of their hydrophobicity, aggregation in the system, and pore-throat blockage. Thus, one 
approach to affix these coal fines at their source, and to retard generation, is to introduce a 
nanoparticle-treated-proppant pack. Thus, this research explores coal fines retention (known as 
adsorption) in a proppant pack using nanoparticles. In the study, the electrolytic environment, 
pH, flow rate, temperature, and pressure were kept constant, while the variables were 
concentration of silica nanoparticles (0 – 0.1 wt%) and coal fines concentration (0.1 – 1 wt%). 
The objective was to identify silica nano-formulations that fixate coal fine dispersions 
effectively. Subsequently, the coal suspensions flowed through a glass bead proppant pack 
treated with and without nanoparticles, and then analyzed via a particle counter. The 
quantitative results from particle counter analysis showed that the proppant pack with 
nanoparticle treatment strongly affects the fixation ability of coal fines. The proppant pack 
without nanoparticle treatment showed up to 30% adsorption and flowed through the proppant 
untreated, whilst proppant pack treated with nanoparticles showed up to 74% adsorption;  
hence, more exceptional affixation ability to the coal fines. Further, the results indicated that 
the zeta potential of silica nanoparticles at higher salinity becomes unstable, i.e., ~ -20 mV; 
this low value helps the proppant pack treated with nanoparticles to attach coal fines to it. The 
ability of nanoparticles to adsorb coal fines is due to its highly active surface, and high specific 
surface area.  
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 1 
1. Introduction 2 
The application of nanoparticles has proven to be beneficial in the upstream oil and gas industry 3 
(Yang et al. 2015). Several applications like water flood displacement (Yuan and Moghanloo 4 
2018; Bahraminejad et al. 2019; Najimi et al. 2019), fines fixation (Huang et al. 2010b; Assef 5 
et al. 2014; Yuan 2017; Zheng et al. 2018), and enhanced oil recovery (Yousefvand and Jafari 6 
2015; Bera and Belhaj 2016; Yuan and Wood 2018; Asl et al. 2020) have been studied and 7 
experimented upon in this capacity. The use of nanoparticles to control fines release and fix 8 
them at or near the source of their origin has been studied comprehensively in both sandstones 9 
(Kia et al. 1987; Mohan and Fogler 1997; Rozo et al. 2007; Zeinijahromi et al. 2012; Bin et al. 10 
2016; Hasannejada et al. 2017) and carbonates (Qajar et al. 2013; Al-Anssari et al. 2016; Al-11 
Anssari et al. 2017b; Al-Anssari et al. 2018). The behavior of Coal Bed Methane (CBM) 12 
reservoir fines with nanoparticles, which are considerably different from sandstone fines, has 13 
yet to be comprehensively explored. 14 
 15 
Compared to conventional reservoirs, CBM reservoirs are relatively weaker and are likely to 16 
fail in all operating stages of well development, especially while drilled in horizontal or high-17 
angle directed trajectories (Palmer et al. 2005).  CBM reservoirs have critical conditions to 18 
release fine. A critical salt concentration (CSC) exists in porous media (Khilar and Fogler 1984; 19 
Blume et al. 2005) below which fines can detach from the rock matrix. However, no presence 20 
exists of the validated agreement as to CSC in fractured media. The theoretical explanation of 21 
fines detachment / attachment has been explained using the 22 
Derjaguin−Landau−Verwey−Overbeek (DLVO) theory and extended DLVO theory. The basic 23 
premise is that if the attaching force/torque is higher than the detaching (repulsive) 24 
force/torque, then the particle will dislodge from the bulk rock matrix/structure and vice versa 25 
if the detaching (repulsive) force/torque is higher than the attractive force/torque. (Lever and 26 
Dawe 1984; Sharma et al. 1992; Schembre and Kovscek 2005; Rosenbrand et al. 2015). The 27 
size of coal fines varies according to the production stage, i.e., the usual size of coal fines found 28 
during the water production stage is usually lower than the size of coal fines generated during 29 
the gas production stage. When salinity is decreased, mobile particles also decrease in the order 30 
of size. This means that larger particles are released when ionic strength is more, and when 31 
ionic strength is decreased the smaller particles are mobilized (Keshavarz et al. 2014). The 32 
grain size and concentration of coal fines differ during various production stages (Zhao et al. 33 
2016). Generally, two size categories can be distinguished, as follows: 34 
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1. Small-sized coal fines are produced during post-completion hydraulic fracture back-flow 35 
and in the production stage. 36 
2. Large-sized coal fines are produced during drilling and completion (Han et al. 2015). 37 
Coal fines generation and migration cause a reduction in conductivity and fracture length, 38 
thereby damaging the dewatering process (Zou et al. 2014). The factors that affect the 39 
production of coal fines output are: 40 
1. Engineering aspects (well type, drilling operations/technology, hydraulic fracturing, 41 
completion technology, and the CBM production system) (Zhao et al. 2016; Geng et al. 42 
2017). 43 
2. Geological factors (tectonic stress, rock characteristics, structural characteristics of the 44 
coal, coal strength) (Zhao et al. 2016). 45 
 46 
Bituminous coal fines have been shown to cause a 35% decline in permeability when subjected 47 
to water flow (Guo et al. 2016) and a 24.4% decline in conductivity when subjected to only 48 
2% of coal fines flow into the proppant pack (Zou et al. 2014). Thus, coal fines can block the 49 
proppant pack and cause a decline in fracture conductivity (Bai et al. 2017), resulting in 50 
reduced production and failure of production equipment (Marcinew and Hinkel 1990; 51 
Badalyan et al. 2016). Several authors have studied coal fines suspension thus far, but have 52 
largely performed experiments in DI or distilled water (Zou et al. 2014), while hydraulic 53 
fracturing fluid is usually saline (nearly 0.6 M) to be geo-chemically compatible with reservoir 54 
formations fluid (Guo et al. 2015; Patel et al. 2016; Shi et al. 2018). The zeta-potential of coal 55 
suspension in DI water has been reported as -43.34 mV for bituminous (Shi et al. 2018) and 56 
anthracite as -20.5 mV (Zou et al. 2014); however, pH has not been mentioned as a crucial 57 
factor in determining the dispersion stability via zeta-potential measurements and has not been 58 
studied accordingly. 59 
 60 
Fixating coal fines at their source of origin may be done by: 61 
a) using nanoparticles and modified nanoparticles that alter the surface chemistry of fines 62 
by interacting with nanoparticles (Huang et al. 2010a), 63 
b) employing micro-proppants before introducing larger proppants (also known as graded 64 
proppant injection) so that the fine particles are inhibited from moving into the proppant 65 
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pack at or near its place of origin (Kumar et al. 2012; Keshavarz et al. 2014; Keshavarz 66 
et al. 2015; Keshavarz et al. 2016), 67 
c) adding chemicals to the fracturing fluid for agglomerating fragments of coal fines and 68 
fixing them at the source (Shi et al. 2018). Consequently, dispersing coal fines can be 69 
completed via two modes: physical and chemical. 70 
i. Physically, researchers have developed models for straining particles in the pore 71 
throat, where the critical value of consensus among them is of one to six ratio, also 72 
known as a one-sixth rule. This rule notes that if the reservoirs formation fines 73 
diameter (d) is six times less than its gravel pack diameter (D) i.e. 
𝑑
𝐷
<
1
6
, the fines 74 
will not strain (Elena Rodríguez 2007; Zou et al. 2014). 75 
ii. Polymeric surfactant-based chemicals injected along with fracturing fluid to 76 
disperse and move up to the surface along with well fluids (Magill et al. 2010); 77 
(Pan et al. 2015). 78 
 79 
Thus, fines migration is one of the most crucial phenomena for formation damage in CBM, 80 
where this challenge has not been addressed comprehensively. Limited studies are available to 81 
suggest that coal fines generation could be controlled at or near the source using metal oxides 82 
nanoparticles (Huang et al. 2010a; Patel et al. 2016). This paper will provide further insights 83 
into coal fines behavior when treated with silica nanoparticles in a proppant pack. The results 84 
show that coal fines can be adsorbed effectively using silica nanoparticles (NPs). An effective 85 
concentration of 0.1 wt% of silica NPs is recommended for achieving better adsorption of fines. 86 
 87 
2. Methods and Materials 88 
2.1. Materials 89 
Coal lumps from coal mines in Morgantown, West Virginia, USA, were retrieved with a 90 
vitrinite reflectance of 0.91, indicative of highly volatile bituminous coal (Moore 2012). 91 
Furthermore, the composition of macerals and minerals was 97.4% and 2.6%, respectively. The 92 
properties of the coal sample are displayed in Table 1. The coal lump was crushed into smaller 93 
sizes by mortar and pestle method, where the coal fines used in this study were sieved using an 94 
electric sieve shaker. Subsequently, the coal fines sieved in 0.038 mm – 0.020 mm were used 95 
for the series of the experiment of adsorption and coal fines fixation in the proppant pack 96 
column. The coal fines size range studied in this work (0.038 mm – 0.020 mm) is consistent 97 
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with previously reported studies (Huang et al. 2010a; Bai et al. 2015; Zhao et al. 2016; Bai et 98 
al. 2017). 99 
 100 
The glass bead proppant was kindly provided by Potters beads of Metal Finishing Glass 101 
Beads Potters, with a nominal diameter (80%) Ballotini ® Metal Finishing Beads of Potter 102 
Designation B, US Sieve 30-40 (600-475 microns), and minimum roundness of 65%, where 103 
the composition of glass beads can be seen in Table 2. Using the electrical sieve shaker, 104 
proppants were sieved to US sieve size of 35 (~475 microns) that were used in the adsorption 105 
proppant pack experiments. 106 
 107 
The silica nanoparticles are insoluble, hydrophilic, and non-polar in water, where those 108 
used in this study were procured from Sigma-Aldrich. The properties of the silica nanoparticles 109 
are presented in Table 3. An electrolyte of 0.6 M NaCl (as compared to standard saline) was 110 
used in the adsorption experiments. A constant pH of 9.0 ± 0.2 was set in all of the experiments 111 
as similar to coalbed methane reservoirs. Various concentrations of silica nanoparticles were 112 
used to formulate nanofluids. DI-water (Ultrapure Type 1 Water) was used as a base fluid for 113 
the nanofluid and to formulate 0.01 M and 0.6 M brine after mixing with NaCl (58.44 g/mol, 114 
purity ≥ 99.5 mol%, from Rowe Scientific). 115 
 116 
2.2. Methodology 117 
Various SiO2 NPs concentrations (0.01 – 0.1 wt%), based in 0.01 M and 0.6 M brine-118 
based solutions, were investigated in various coal concentration (0.1-1 wt%) to examine their 119 
stability, adhesion to the glass beads proppant, and coal fines adsorption efficiency. The 120 
formulation of nanofluids was carried out with two constituents, the dispersed phase and the 121 
dispersion medium. The dispersed phase was nano-sized silicon dioxide (SiO2) - also known 122 
as SNPs or Silica NPs, with weight percentages ranging from 0.01 to 0.10, while the dispersion 123 
medium was DI water, 0.01 M and 0.6 M NaCl. The dispersion stability was investigated using 124 
Malvern Z3600 Nano zeta sizer. The nanofluids were formulated by sonicating nanoparticles 125 
in the base fluid (Mahdi Jafari et al. 2006) using an ultrasonic processor (VCX 750, a 750-watt 126 
ultrasonic processor, frequency - 20 kHz from Sonics & Materials, Inc.). Whilst the time and 127 
power of the sonication process depends mainly on a load of dispersed nanoparticles (Shen and 128 
Resasco 2009), in this work all the formulated dispersions were sonicated with the same 129 
sonication time, energy, amplitude and power of 300 seconds, 4 MJ, 30%, and 240 V 130 
respectively to assure a duplicated conditions for all formulations. The prepared nanofluids 131 
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were visually observed to assess any significant instability in the behavior of the nanoparticles 132 
during the required soaking period. All experiments were carried out under ambient conditions 133 
of pressure = 101.3 kPa and temperature of 295.15 ± 3 K. 134 
 135 
The process of adsorption of sandstone fines using nanoparticles affixed on glass beads 136 
has also been studied by Huang et al. (2008) and Ahmadi et al. (2013) in addition to other 137 
researchers (Huang et al. 2008b, 2008a; Belcher et al. 2010; Huang et al. 2010b; Ahmadi et al. 138 
2013b, 2013a; Habibi et al. 2013; Habibi et al. 2014). However, SNPs coating onto the 139 
proppant pack quantitatively has only been discussed by a few researchers such as Abhishek 140 
and Hamouda (Abhishek and Hamouda 2017). The only reported patent of using nanoparticles 141 
for affixing coal fines highlights the use of MgO to affix coal fines (Huang et al. 2010a). The 142 
selection of the proppant is influenced by the mechanical properties of the formation rock and 143 
the properties of the proppant itself. The parameters that impacted the selection of the proppant 144 
include crush resistance and size of the proppant amongst others. Hollow glass spheres have 145 
been reported to have the least specific gravity of 0.8 to 1.4 in all the lightweight proppants 146 
(Parker et al. 2012; Liang et al. 2016).  147 
 148 
 The method of affixing nanoparticles onto the surface of proppants is critical to the 149 
experiments; thus, in this research, we have soaked the NPs for 24 hours and calculated the 150 
nanoparticle coating efficiency via turbidity results. Note that SDBS (an anionic surfactant) is 151 
used in all experiments to flow through the slurry with minimal adsorption. The adsorption 152 
efficiency is defined in Eq. 1 (Habibi et al. 2014). The results of influent and effluent slurry 153 
were obtained using the particle counter sizer. 154 
Adsorption efficiency (%) = 100 − [
Ceff
Cin
× 100]    Eq. 1 155 
Where, 156 
Ceff: Concentration of coal fines in the effluent slurry, gm/cc 157 
Cin: Concentration of coal fines in the influent slurry, gm/cc 158 
 159 
A glass column was used in all of the experiments of adsorption, in which flow took place 160 
merely because of gravitational force, where a schematic of the procedure adopted in the 161 
column can be seen in Fig. 1 below. 162 
 163 
2.3. Experimental set-up workflow 164 
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The laboratory study model and equipment will be adapted from Habibi et al. and 165 
Ahmadi al. and used to see the effect of silica nanoparticles on coal fines adsorption (Ahmadi 166 
et al. 2013b, 2013a; Habibi et al. 2013; Arab et al. 2014; Habibi et al. 2014). In this study, bare 167 
silica nanoparticles, as well as treated silica nanoparticles with Sodium Dodecyl Benzene 168 
Sulfonate (SDBS), were analyzed with a Malvern Nano Zeta Sizer to determine their stability. 169 
Following this, a turbidity calibration curve for silica NPs was made using a HACH 2000 170 
Turbidimeter. The main experiment was the proppant pack tests conducted in the glass column 171 
at ambient conditions in which coal slurry flowed into a proppant treated with SNPs. This was 172 
compared with proppant without any SNP treatment. The results of the coal slurry were 173 
obtained using a particle counter analyzer. The corresponding experimental workflow is shown 174 
in Figure 2. 175 
 176 
3. Results and Discussion 177 
3.1. Silica Nanoparticles dispersion using SDBS 178 
In order to modify the dispersion stability and surface chemistry of SNPs, an anionic surfactant 179 
SDBS was used. In the three dispersion mediums (DI water, 0.01 M NaCl, and 0.6 M NaCl) 180 
tested, SDBS reduced the zeta-potential and effectively enhanced the dispersion stability, as 181 
shown in Figure 3. Note that the dispersion stability is more effective in DI water and low 182 
salinity (0.01 M NaCl) rather than in the high salinity (0.6 M NaCl) suspension. 183 
 184 
The zeta-potential measurements of bare SNPs in both ionic strengths are consistent with Al-185 
Anssari et al. (2017) (Al-Anssari et al. 2017a). With increases in ionic strength, the absolute 186 
zeta-potential value decreases, resulting in reduced dispersion stability.  However, the DI water 187 
and low ionic strength (0.01 M NaCl brine) provide better stability enhancement when SNPs 188 
are treated with SDBS. 189 
 190 
3.2. Effect of Nanoparticles adhesion onto proppant pack 191 
In order to examine the coating of nanoparticles via the soaking method, we first calibrated 192 
SNPs in DI water. The SNPs turbidity increases with an increase in SNP loading, as can be 193 
seen in Figure 4. Note that the turbidimeter has a limitation of 1000 NTUs. When on the x-194 
axis, SNP loading is increased while on the y-axis, the turbidity value in NTU increased with 195 
the loading resulting in a slope value of 3390.5. 196 
 197 
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It was observed that higher salinity has lower zeta-potential, which leads to higher retention 198 
efficiency of SNPs by soaking method, as seen in Figure 5. The results show that SNPs based 199 
in DI water yielded retention efficiency of 61-67%, while 0.01 M NaCl (as comparable to 200 
potable water) yielded 60-72% retention efficiency, and 0.6 M NaCl (as comparable to 201 
seawater) yielded 81-85% retention of SNPs onto the glass bead proppant pack. This 202 
retention is due to the zeta-potential values, as obtained in Section 3.1, which can also 203 
be seen in Figure 3. Thus, aggregation of nanoparticles in 0.6 M NaCl ionic strength 204 
due to its low zeta-potential, aids it in retaining SNPs in the proppant pack. 205 
 206 
Thus, in further experiments after observing better retention of 0.6 M NaCl cases in two coal 207 
concentrations (0.01 wt% and 0.1 wt%), we conducted the rest of the experiments of adsorption 208 
in 0.6 M NaCl salinity. This is consistent with the DLVO theory, which defines principles 209 
based on which the particles (in our case SNPs) aggregation take place at higher salinities. 210 
 211 
3.3. Effect of Chemically modified Nanoparticles on coal fines fixation 212 
Chemically modified nanoparticles (in this case, silica nanoparticles treated with SDBS) were 213 
injected into the glass-column, followed by the introduction of the glass-bead proppant pack. 214 
The results showed that 0.1 wt% of SNPs yielded maximum adsorption of all tested coal fines 215 
(0.1, 0.5, and 1 wt%), as can be seen in Figure 6. Note that there is a difference in adsorption 216 
of coal fines with weight percentages (even when passing through an untreated proppant pack), 217 
as a higher concentration of slurry yields lower dispersion stability, leading to clogging in the 218 
proppant pack (Al-Anssari et al. 2017a). 219 
 220 
The base case has been optimized in our previous work (Awan et al. 2019), giving a Ceff/Co of 221 
approximately 83%, meaning the adsorption of coal fines is 17% (using 0.1 wt% coal fines 222 
treated with 0.001 wt% SDBS). The rest of the coal slurries also have 0.001 wt% SDBS, but 223 
their coal fines are of higher weight fraction. It can also be observed that untreated proppant 224 
packs in various coal concentrations result in an increasing trend to rising coal concentration, 225 
i.e., 17% adsorption for 0.1 wt% coal fines, 27% adsorption for 0.5 wt% coal fines, and 30% 226 
adsorption for 1.0 wt% coal fines. This occurs due to the lower stability of the coal slurry as a 227 
result of the increase in weight (Al-Anssari et al. 2017a), which ultimately causes the straining 228 
of coal fines due to their aggregation. Additionally, not all of the coal fines retention in the 229 
proppant pack is due to the interaction of attractive forces of nanoparticles with coal fines, there 230 
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is also an aggregation of coal fines and straining in the proppant pack as has been demonstrated 231 
by Zou et al. (2014) (Zou et al. 2014) which can be seen in Fig. 6. 232 
 233 
With increasing the SNP loading in the proppant pack, its retention efficiency also increases. 234 
Thus, the nanoparticle treated glass beads can retard the mobilization of coal fines through the 235 
proppant pack and affix them near the source of their generation; thereby, reducing the damage 236 
to the pumps and minimizing the possibility of filling of the wellbore. 237 
 238 
4. Conclusion 239 
The above sets of experiments conclude that higher salinity yields higher coating efficiency of 240 
the proppant pack via nanoparticles due to their aggregation behavior (zeta-potential values of 241 
greater than -20 mV). SDBS enhances the dispersion stability of silica nanoparticles in various 242 
salinities tested up to 0.6 M NaCl. An optimum concentration of 0.1 wt% SNPs yielded 243 
maximum adsorption of coal fines in the proppant pack at higher ionic strength (0.6 M NaCl 244 
brine). 245 
 246 
Further studies involving a comparison of various coating methods (e.g., calcination, sintering, 247 
soaking, oil coating, etc.) for irreversibly affixing nanoparticles on the proppant pack need to 248 
be conducted, in order to optimize the coating procedure in various saline environments. 249 
Further, coal particles of different ranks need to be studied to understand the behavior of 250 
various metal oxide nanoparticles, in order to fixate these coal fines by adsorption in the 251 
proppant pack. A comprehensive study to determine the impact of adsorption on the 252 
permeability can also be studied, as its implication in the field can be detrimental to natural gas 253 
recovery. 254 
 255 
Conflicts of Interest 256 
None. 257 
 258 
Acknowledgments 259 
This work was supported by the Higher Education Commission (HEC) Pakistan vide approval 260 
letter No. 5-1/HRD/UESTPI(Batch-V)/3371/2017/HEC) and Edith Cowan University (ECU) 261 
Australia Early Career Research Grant G1003450.  The authors would like to thank HEC, 262 
Pakistan, and ECU, Australia, for the Ph.D. grant vide ECU-HEC Joint Scholarship-2017.263 
10 
 
References 264 
 265 
Abhishek, R., and Hamouda, A. (2017). Effect of Various Silica Nanofluids: Reduction of 266 
Fines Migrations and Surface Modification of Berea Sandstone. Applied Sciences 7(12).  267 
 268 
Ahmadi, M., Habibi, A., Pourafshary, P., and Ayatollahi, S. (2013a). An Experimental Study 269 
of Interaction between Nanoparticles' Deposition on a Sintered Porous Medium and Migratory 270 
Fines. Journal of Porous Media 16(5), 459-467.  271 
 272 
Ahmadi, M., Habibi, A., Pourafshary, P., and Ayatollahi, S. (2013b). Zeta-Potential 273 
Investigation and Experimental Study of Nanoparticles Deposited on Rock Surface to Reduce 274 
Fines Migration. (June 2013), 534-544.  275 
 276 
Al-Anssari, S., Arif, M., Wang, S., Barifcani, A., and Iglauer, S. (2017a). Stabilising 277 
Nanofluids in Saline Environments. Journal of Colloid and Interface Science 508, 222-229.  278 
 279 
Al-Anssari, S., Barifcani, A., Keshavarz, A., and Iglauer, S. (2018). Impact of Nanoparticles 280 
on the Co2-Brine Interfacial Tension at High Pressure and Temperature. Journal of Colloid 281 
and Interface Science 532, 136-142.  282 
 283 
Al-Anssari, S., Barifcani, A., Wang, S., Maxim, L., and Iglauer, S. (2016). Wettability 284 
Alteration of Oil-Wet Carbonate by Silica Nanofluid. Journal of Colloid and Interface Science 285 
461, 435-442.  286 
 287 
Al-Anssari, S., Nwidee, L. N., Ali, M., Sangwai, J. S., Wang, S., Barifcani, A., and Iglauer, S. 288 
(2017b). Retention of Silica Nanoparticles in Limestone Porous Media. In 'SPE/IATMI Asia 289 
Pacific Oil & Gas Conference and Exhibition'. (Society of Petroleum Engineers: Jakarta, 290 
Indonesia.)  291 
 292 
Arab, D., Pourafshary, P., Ayatollahi, S., and Habibi, A. (2014). Remediation of Colloid-293 
Facilitated Contaminant Transport in Saturated Porous Media Treated by Nanoparticles. 294 
International Journal of Environmental Science and Technology 11(1), 207-216.  295 
 296 
Asl, H. F., Zargar, G., Manshad, A. K., Takassi, M. A., Ali, J. A., and Keshavarz, A. (2020). 297 
Effect of Sio2 Nanoparticles on the Performance of L-Arg and L-Cys Surfactants for Enhanced 298 
Oil Recovery in Carbonate Porous Media. Journal of Molecular Liquids 300, 112290.  299 
 300 
Assef, Y., Arab, D., and Pourafshary, P. (2014). Application of Nanofluid to Control Fines 301 
Migration to Improve the Performance of Low Salinity Water Flooding and Alkaline Flooding. 302 
Journal of Petroleum Science and Engineering 124, 331-340.  303 
 304 
Awan, F. U. R., Keshavarz, A., Akhondzadeh, H., Nosrati, A., Al-Anssari, S., and Iglauer, S. 305 
(2019). Optimizing the Dispersion of Coal Fines Using Sodium Dodecyl Benzene Sulfonate. 306 
In 'SPE/AAPG/SEG Asia Pacific Unconventional Resources Technology Conference'.  pp. 307 
9.(Unconventional Resources Technology Conference: Brisbane, Australia.)  308 
 309 
Badalyan, A., Beasley, T., Nguyen, D., Keshavarz, A., Schacht, U., Carageorgos, T., You, Z., 310 
Bedrikovetsky, P., Hurter, S., and Troth, I. (2016). Laboratory and Mathematical Modelling of 311 
11 
 
Fines Production from Csg Interburden Rocks. In 'SPE Asia Pacific Oil & Gas Conference and 312 
Exhibition'. pp. 30.(Society of Petroleum Engineers: Perth, Australia.)  313 
 314 
Bahraminejad, H., Khaksar Manshad, A., Riazi, M., Ali, J. A., Sajadi, S. M., and Keshavarz, 315 
A. (2019). Cuo/Tio2/Pam as a Novel Introduced Hybrid Agent for Water—Oil Interfacial 316 
Tension and Wettability Optimization in Chemical Enhanced Oil Recovery. Energy & Fuels 317 
33(11), 10547-10560.  318 
 319 
Bai, T., Chen, Z., Aminossadati, S. M., Pan, Z., Liu, J., and Li, L. (2015). Characterization of 320 
Coal Fines Generation: A Micro-Scale Investigation. Journal of Natural Gas Science and 321 
Engineering 27, 862-875.  322 
 323 
Bai, T., Chen, Z., Aminossadati, S. M., Rufford, T. E., and Li, L. (2017). Experimental 324 
Investigation on the Impact of Coal Fines Generation and Migration on Coal Permeability. 325 
Journal of Petroleum Science and Engineering 159, 257-266.  326 
 327 
Belcher, C. K., Seth, K., Hollier, R., and Paternostro, B. P. (2010). Maximizing Production 328 
Life with the Use of Nanotechnology to Prevent Fines Migration. In 'International Oil and Gas 329 
Conference and Exhibition in China'. (Society of Petroleum Engineers: Beijing, China.)  330 
 331 
Bera, A., and Belhaj, H. (2016). Application of Nanotechnology by Means of Nanoparticles 332 
and Nanodispersions in Oil Recovery - a Comprehensive Review. Journal of Natural Gas 333 
Science and Engineering 34, 1284-1309.  334 
 335 
Bin, Y., Moghanloo, R. G., and Zheng, D. (2016). Analytical Evaluation of Nanoparticle 336 
Application to Mitigate Fines Migration in Porous Media. Spe Journal 21(6), 2317-2332. 337 
 338 
Blume, T., Weisbrod, N., and Selker, J. S. (2005). On the Critical Salt Concentrations for 339 
Particle Detachment in Homogeneous Sand and Heterogeneous Hanford Sediments. Geoderma 340 
124(1), 121-132.  341 
 342 
Elena Rodríguez, S. L. B. Trapping of Fine Particles in Gaps in Porous Media. In 'International 343 
Symposium of the Society of Core Analysts', 10-12 September, 2007 2007, Calgary, Canada,  344 
 345 
Geng, Y., Tang, D., Xu, H., Tao, S., Tang, S., Ma, L., and Zhu, X. (2017). Experimental Study 346 
on Permeability Stress Sensitivity of Reconstituted Granular Coal with Different Lithotypes. 347 
Fuel 202, 12-22.  348 
 349 
Guo, Z., Hussain, F., and Cinar, Y. (2015). Permeability Variation Associated with Fines 350 
Production from Anthracite Coal During Water Injection. International Journal of Coal 351 
Geology 147-148, 46-57.  352 
 353 
Guo, Z. H., Hussain, F., and Cinar, Y. (2016). Physical and Analytical Modelling of 354 
Permeability Damage in Bituminous Coal Caused by Fines Migration During Water 355 
Production. Journal of Natural Gas Science and Engineering 35, 331-346. 356 
 357 
Habibi, A., Ahmadi, M., Pourafshary, P., and Ayatollahi, S. (2014). Fines Migration Control 358 
in Sandstone Formation by Improving Silica Surface Zeta Potential Using a Nanoparticle 359 
Coating Process. Energy Sources Part a-Recovery Utilization and Environmental Effects 360 
36(21), 2376-2382. 361 
12 
 
 362 
Habibi, A., Ahmadi, M., Pourafshary, P., Ayatollahi, S., and Al-Wahaibi, Y. (2013). Reduction 363 
of Fines Migration by Nanofluids Injection: An Experimental Study. SPE Journal(April 2013), 364 
309-318.  365 
 366 
Han, G., Ling, K., Wu, H., Gao, F., Zhu, F., and Zhang, M. (2015). An Experimental Study of 367 
Coal-Fines Migration in Coalbed-Methane Production Wells. Journal of Natural Gas Science 368 
and Engineering 26, 1542-1548.  369 
 370 
Hasannejada, R., Pourafshary, P., Vatani, A., and Sameni, A. (2017). Application of Silica 371 
Nanofluid to Control Initiation of Fines Migration. Petroleum Exploration and Development 372 
44(5), 850-859. 373 
 374 
Huang, T., Crews, J. B., Gabrysch, A. D., and Jeffrey, R. M. (2010a). Controlling Coal Fines 375 
in Coal Bed Operations. In 'United States Patent Application Publication'. pp. 10.(Baker 376 
Hughes Incoporated, Houston, TX (US): United States.)  377 
 378 
Huang, T., Crews, J. B., and Willingham, J. R. (2008a). Nanoparticles for Formation Fines 379 
Fixation and Improving Performance of Surfactant Structure Fluids. In 'International Petroleum 380 
Technology Conference'. (International Petroleum Technology Conference: Kuala Lumpur, 381 
Malaysia.)  382 
 383 
Huang, T., Crews, J. B., and Willingham, J. R. (2008b). Using Nanoparticle Technology to 384 
Control Fine Migration. In 'SPE Annual Technical Conference and Exhibition'. (Society of 385 
Petroleum Engineers: Denver, Colorado, USA.)  386 
 387 
Huang, T., Evans, B. A., Crews, J. B., and Belcher, C. K. (2010b). Field Case Study on 388 
Formation Fines Control with Nanoparticles in Offshore Applications. In 'SPE Annual 389 
Technical Conference and Exhibition'. (Society of Petroleum Engineers: Florence, Italy.)  390 
 391 
Keshavarz, A., Badalyan, A., Carageorgos, T., Bedrikovetsky, P., and Johnson, R. (2015). 392 
Stimulation of Coal Seam Permeability by Micro-Sized Graded Proppant Placement Using 393 
Selective Fluid Properties. Fuel 144, 228-236.  394 
 395 
Keshavarz, A., Badalyan, A., Johnson, R., and Bedrikovetsky, P. (2016). Productivity 396 
Enhancement by Stimulation of Natural Fractures around a Hydraulic Fracture Using Micro-397 
Sized Proppant Placement. Journal of Natural Gas Science and Engineering 33, 1010-1024.  398 
 399 
Keshavarz, A., Yang, Y., Badalyan, A., Johnson, R., and Bedrikovetsky, P. (2014). Laboratory-400 
Based Mathematical Modelling of Graded Proppant Injection in Cbm Reservoirs. International 401 
Journal of Coal Geology 136, 1-16.  402 
 403 
Khilar, K. C., and Fogler, H. S. (1984). The Existence of a Critical Salt Concentration for 404 
Particle Release. Journal of Colloid and Interface Science 101(1), 214-224.  405 
 406 
Kia, S. F., Fogler, H. S., and Reed, M. G. (1987). Effect of Ph on Colloidally Induced Fines 407 
Migration. Journal of Colloid and Interface Science 118(1), 158-168. 408 
 409 
Kumar, A., Yadav, N., Rao, Y. R. L., Singhal, C. P., and Kumar, A. (2012). Pre-Fracture 410 
Treatment of Coal Seams for Fracture Conductivity Enhancement in Hydro Fracturing of Cbm 411 
13 
 
Wells and Coal Fines Mitigation in Multilateral Cbm Wells through Wettability Alteration of 412 
Coal Fines - a Laboratory Study. In 'SPE Oil and Gas India Conference and Exhibition'. pp. 413 
9.(Society of Petroleum Engineers: Mumbai, India.)  414 
 415 
Lever, A., and Dawe, R. A. (1984). Water-Sensitivity and Migration of Fines in the Hopeman 416 
Sandstone. Journal of Petroleum Geology 7(1), 97-107.  417 
 418 
Liang, F., Sayed, M., Al-Muntasheri, G. A., Chang, F. F., and Li, L. (2016). A Comprehensive 419 
Review on Proppant Technologies. Petroleum 2(1), 26-39.  420 
 421 
Magill, D. P., Ramurthy, M., Jordan, R., and Nguyen, P. D. (2010). Controlling Coal-Fines 422 
Production in Massively Cavitated Openhole Coalbed-Methane Wells. In 'SPE Asia Pacific Oil 423 
and Gas Conference and Exhibition'. (Society of Petroleum Engineers: Brisbane, Queensland, 424 
Australia.)  425 
 426 
Mahdi Jafari, S., He, Y., and Bhandari, B. (2006). Nano-Emulsion Production by Sonication 427 
and Microfluidization—a Comparison. International Journal of Food Properties 9(3), 475-428 
485.  429 
 430 
Marcinew, R. P., and Hinkel, J. J. (1990). Coal Fines-Origin, Effects and Methods to Control 431 
Associated Damage. In 'Annual Technical Meeting'. (Petroleum Society of Canada: Calgary, 432 
Alberta.)  433 
 434 
Mohan, K. K., and Fogler, H. S. (1997). Colloidally Induced Smectitic Fines Migration: 435 
Existence of Microquakes. Aiche Journal 43(3), 565-576. 436 
 437 
Moore, T. A. (2012). Coalbed Methane: A Review. International Journal of Coal Geology 101, 438 
36-81.  439 
 440 
Najimi, S., Nowrouzi, I., Manshad, A. K., Farsangi, M. H., Hezave, A. Z., Ali, J. A., Keshavarz, 441 
A., and Mohammadi, A. H. (2019). Investigating the Effect of [C8py][Cl] and [C18py][Cl] 442 
Ionic Liquids on the Water/Oil Interfacial Tension by Considering Taguchi Method. Journal 443 
of Petroleum Exploration and Production Technology 9(4), 2933-2941.  444 
 445 
Palmer, I. D., Moschovidis, Z. A., and Cameron, J. R. (2005). Coal Failure and Consequences 446 
for Coalbed Methane Wells. In 'SPE Annual Technical Conference and Exhibition'. pp. 447 
11.(Society of Petroleum Engineers: Dallas, Texas.)  448 
 449 
Pan, L.-h., Zhang, S.-c., Zhang, J., and Lin, X. (2015). An Experimental Study on Screening 450 
of Dispersants for the Coalbed Methane Stimulation. International Journal of Oil, Gas and 451 
Coal Technology 9(4), 437-454.  452 
 453 
Parker, M. A., Ramurthy, K., and Sanchez, P. W. (2012). New Proppant for Hydraulic 454 
Fracturing Improves Well Performance and Decreases Environmental Impact of Hydraulic 455 
Fracturing Operations. In 'SPE Eastern Regional Meeting'. pp. 10.(Society of Petroleum 456 
Engineers: Lexington, Kentucky, USA.)  457 
 458 
Patel, A., Goh, C., Towler, B. R., Victor, and Rufford, T. E. (2016). Screening of Nanoparticles 459 
to Control Clay Swelling in Coal Bed Methane Wells. In 'International Petroleum Technology 460 
Conference'. (International Petroleum Technology Conference: Bangkok, Thailand.)  461 
14 
 
 462 
Qajar, J., Francois, N., and Arns, C. H. (2013). Microtomographic Characterization of 463 
Dissolution-Induced Local Porosity Changes Including Fines Migration in Carbonate Rock. 464 
Spe Journal 18(3), 545-562. 465 
 466 
Rosenbrand, E., Kjøller, C., Riis, J. F., Kets, F., and Fabricius, I. L. (2015). Different Effects 467 
of Temperature and Salinity on Permeability Reduction by Fines Migration in Berea Sandstone. 468 
Geothermics 53, 225-235.  469 
 470 
Rozo, R. E., Paez, J., Mendoza Rojas, A., Milne, A. W., Soler, D. F., and Abuseif, H. (2007). 471 
An Alternative Solution to Sandstone Acidizing Using a Nonacid Based Fluid System with 472 
Fines-Migration Control. In 'SPE Annual Technical Conference and Exhibition'. (Society of 473 
Petroleum Engineers: Anaheim, California, U.S.A.)  474 
 475 
Schembre, J. M., and Kovscek, A. R. (2005). Mechanism of Formation Damage at Elevated 476 
Temperature. Journal of Energy Resources Technology 127(3), 171-180.  477 
 478 
Sharma, M. M., Chamoun, H., Sarma, D. S. H. S. R., and Schechter, R. S. (1992). Factors 479 
Controlling the Hydrodynamic Detachment of Particles from Surfaces. Journal of Colloid and 480 
Interface Science 149(1), 121-134.  481 
 482 
Shen, M., and Resasco, D. E. (2009). Emulsions Stabilized by Carbon Nanotube−Silica 483 
Nanohybrids. Langmuir 25(18), 10843-10851.  484 
 485 
Shi, Q., Qin, Y., Zhou, B., Zhang, M., Wu, M., and Wang, L. (2018). An Experimental Study 486 
of the Agglomeration of Coal Fines in Suspensions: Inspiration for Controlling Fines in Coal 487 
Reservoirs. Fuel 211, 110-120.  488 
 489 
Yang, J., Ji, S., Li, R., Qin, W., and Lu, Y. (2015). Advances of Nanotechnologies in Oil and 490 
Gas Industries. Energy Exploration & Exploitation 33(5), 639-657.  491 
 492 
Yousefvand, H., and Jafari, A. (2015). Enhanced Oil Recovery Using Polymer/Nanosilica. 493 
Procedia Materials Science 11, 565-570.  494 
 495 
Yuan, B. (2017). Modeling Nanofluid Utilization to Control Fines Migration. University of 496 
Oklahoma, Norman, Oklahoma. 497 
 498 
Yuan, B., and Moghanloo, R. G. (2018). Nanofluid Pre-Treatment, an Effective Strategy to 499 
Improve the Performance of Low-Salinity Waterflooding. Journal of Petroleum Science and 500 
Engineering 165, 978-991.  501 
 502 
Yuan, B., and Wood, D. (2018). A Comprehensive Review of Formation Damage During 503 
Enhanced Oil and Gas Recovery. Journal of Petroleum Science and Engineering.  504 
 505 
Zeinijahromi, A., Vaz, A., Bedrikovetsky, P., and Borazjang, S. (2012). Effects of Fines 506 
Migration on Well Productivity During Steady State Production. Journal of Porous Media 507 
15(7), 665-679. 508 
 509 
15 
 
Zhao, X., Liu, S., Sang, S., Pan, Z., Zhao, W., Yang, Y., Hu, Q., and Yang, Y. (2016). 510 
Characteristics and Generation Mechanisms of Coal Fines in Coalbed Methane Wells in the 511 
Southern Qinshui Basin, China. Journal of Natural Gas Science and Engineering 34, 849-863.  512 
 513 
Zheng, X., Perreault, F., and Jang, J. (2018). Fines Adsorption on Nanoparticle-Coated Surface. 514 
Acta Geotechnica 13(1), 219-226.  515 
 516 
Zou, Y. S., Zhang, S. C., and Zhang, J. (2014). Experimental Method to Simulate Coal Fines 517 
Migration and Coal Fines Aggregation Prevention in the Hydraulic Fracture. Transport in 518 
Porous Media 101(1), 17-34.  519 
 520 
16 
 
Biographies 521 
Faisal Ur Rahman Awan is a Ph.D. candidate in Petroleum Engineering 522 
at Edith Cowan University, Australia. His work focuses specifically on 523 
the coal fines fixation using nanoparticles. Mr. Awan did his Bachelor's 524 
and Master’s degrees in Petroleum Engineering. He has also been serving 525 
at Dawood University of Engineering and Technology, Karachi, as an 526 
Assistant Professor in Petroleum Engineering for the last seven years. He 527 
is a member of prestigious societies such as SPE, SEG, EI, and PEC. 528 
 529 
 530 
Alireza holds a Ph.D. degree in Petroleum Engineering from the 531 
University of Adelaide, an M.Sc. degree in Reservoir Engineering from 532 
the University of Tehran (Iran), and a B.Sc. degree in Chemical-Petroleum 533 
Engineering from Petroleum University of Technology (Iran). He is 534 
presently serving as a Senior Lecturer at the School of Engineering at 535 
Edith Cowan University. Before joining ECU, Alireza was a research 536 
scientist in the CSIRO-Energy business unit, where he researched 537 
enhancing gas production from unconventional resources and CO2-538 
sequestration. Before pursuing his Ph.D. study, he was a Petroleum 539 
Engineer in the National Iranian Oil Company (NIOC) for six years. 540 
Alireza’s research interests focus on Enhanced Oil/Gas Recovery from 541 
conventional and unconventional reservoirs. He is a member of SPE. 542 
 543 
Hamed completed his Bachelor’s and Master's in Petroleum Engineering. 544 
During his Master’s study, he conducted numerical research on heavy oil 545 
EOR. He used two of the most professional petroleum simulators, CMG 546 
and Eclipse, in his studies. He changed his research field to Coalbed 547 
Methane in 2016 and received a scholarship for his Ph.D. studies at Edith 548 
Cowan University (ECU), Australia. For the time being, as a Ph.D. student 549 
at ECU, he is experimentally researching on Coalbed Methane productivity 550 
enhancement as his priority, and also partially on enhanced oil recovery and 551 
CO2 geo-sequestration. He is a member of SPE. 552 
 553 
Sarmad Al-Anssari is currently a senior lecturer in Chemical Engineering at 554 
University of Baghdad, Iraq. He earned a bachelor’s and master’s degree in 555 
chemical engineering from University of Baghdad and he holds a PhD 556 
degree in chemical engineering/ Nanotechnology from Curtin University/ 557 
Australia. He worked as a faculty member in the university of Baghdad for 558 
more than 10 years and recently he is adjunct lecturer at ECU Australia and 559 
external supervisor at Curtin university/ Australia. His research interest is 560 
on different applications of nanoparticles and nanofluids in different 561 
disciplines, including wettability alteration, enhanced oil recovery, and 562 
carbon capture and storage. 563 
 564 
 565 
 566 
17 
 
 567 
Stefan Iglauer joined Edith Cowan University (ECU) in 2018 as a Professor 568 
to lead the developments in the Petroleum Engineering discipline. His 569 
research interests are in petrophysics and interfacial phenomena, mainly at 570 
pore-scale with a focus on CO2 geo-sequestration and improved 571 
hydrocarbon recovery. Stefan has authored more than 250 technical 572 
publications; he holds a Ph.D. degree in material science from Oxford 573 
Brookes University (UK) and an MSc degree from the University of 574 
Paderborn (Germany). He is a member of SPE.575 
18 
 
 576 
Table 1: Properties of coal sample 577 
Ash 
(%, dba) 
Density 
(g/cm3) 
Volatile 
matter 
(%, dafa) 
C 
(%, dafa) 
H 
(%, dafa) 
Rv, maxa 
(%) 
Vitrinite 
(vol% 
mmfa) 
Inertinite 
(vol% 
mmfa) 
Liptinite 
(vol% 
mmfa) 
4.798 1.31 5.042 78.50 5.37 0.91 81.01 12.73 6.26 
a db: on a dry basis; daf: dried ash-free; Rv, max: maximum vitrinite reflectance; mmf: mineral matter free. 578 
 579 
 580 
Table 2: Properties of glass beads used as proppant packs 581 
Chemical SiO2 Na2O CaO MgO Al2O3 FeO/Fe2O3 Trace 
Wt % 72.5 13.6 9.7 3.4 0.4 0.2 0.2 
 582 
Table 3: Characteristics of nanoparticles 583 
Nanoparticle 
Linear 
Formula 
Primary 
particle 
size 
(nm) 
Chemical 
Structure 
Depiction 
Specific 
surface 
area 
(m2/g) 
Purity 
(%) 
Density 
(g/cc) 
Molecular 
mass 
(g/mol) 
@ 298.15 
K 
Boiling 
point 
(K) 
Melting 
point 
(K) 
Additional 
Description 
Silicon 
dioxide 
SiO2 5-15 
 
140 
≥ 
99.50 
2.20-
2.60 
60.08 2503 1873 
Porous 
spherical 
584 
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 585 
 586 
Figure 1: Schematic of (a) Silica nano-formulation added to the glass column, (b) 587 
Introduction of proppant particles in the nano-formulation (c) Injection of coal slurry at 1 588 
mL/min 589 
20 
 
 590 
Figure 2: Workflow of experiments for determining the effect of nanoparticles on adsorption 591 
of coal fines 592 
Nanoparticles zeta potential (bare AND SDBS treated)
Nanoparticles turbidimeter calibration curves
Soaking of NPs on glassbead surfaces
Coating efficiency results -> Turbidity measurements
Coal fines tests (adsorption / Dimensionless concentration)
21 
 
 593 
Figure 3: Effect of SDBS in various ionic strength (0, 0.01 and 0.6 M NaCl brines) on zeta-594 
potential for 0.1 wt% silica NPs at pH=9 and temperature=298.15 K.  595 
22 
 
 596 
Figure 4: Turbidity results of silica nanoparticles in various concentrations from 0 to 0.3 wt% 597 
(R2 of the Linear SiO2 is 0.967)  598 
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 599 
Figure 5: Turbidity results for silica nanoparticles coating via soaking method results in 600 
various suspensions (DI water, 0.01 M, and 0.6 M NaCl brines)  601 
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 602 
Figure 6: Results of adsorption of the various coal fines concentrations (0.1, 0.5, and 1 wt%) 603 
using no nanoparticles, 0.01 wt%, and 0.1 wt% in 0.6 M saline environment in a proppant 604 
pack. Note the base case is 0.1 wt% coal fines passed through the untreated proppant pack 605 
 606 
